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The invariant cell–cell interactions occurring during C. elegans development offer unique opportunities to discover how growing axons may
receive guidance cues from neighboring cells. The mnm-2 mutant was isolated because of its defects in the axon trajectory of the bilateral M2
pharyngeal neurons in C. elegans. We found that mnm-2 enhances the effects of many growth cone guidance mutations on these axons, suggesting
that it performs a novel function during axon guidance. We cloned mnm-2 and found that it encodes a protein with three C2H2 zinc finger domains
related to the Krüppel-like Factor protein family. mnm-2 is expressed only transiently in the M2 neuron, but exhibits a sustained expression in its
sister cell, the M3 neuron. Strikingly, the expression of mnm-2 is not sustained in the M3 cell of the mnm-2 mutant, indicating that this gene
positively regulates itself in that cell. Electropharyngeograms also indicate that the M3 cell is functionally impaired in the mnm-2 mutant. We used
an M3-specific promoter to show that the M2 axon defect can be rescued by expression of mnm-2 in its sister cell M3. The same promoter was
used to express the pro-apoptotic gene egl-1 to kill the M3 cell, which resulted in an M2 axon guidance defect similar to that found in the mnm-2
mutant. Our results suggest an M2 axon guidance model in which the M3 cell provides an important signal to the growth cone of its sister M2 and
that this signal and the proper differentiation of M3 both depend on mnm-2 expression. This mechanism of axon guidance regulation allows fine-
tuning of trajectories between sister cells.
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The growth cones of neurons express surface receptors that
respond to guidance cues to establish axon trajectories, usually
by modulating the behavior of the growth cone cytoskeleton
(Chilton, 2006). Because many axons acquire intricate shapes, it
is often essential for their growth cones to be reprogrammed
once specific waypoints are reached. For example, after crossing
the midline the commissural neurons in Drosophila become
responsive to the repulsive midline cue SLIT because their
growth cones are reprogrammed to express the surface receptor
ROBO (Keleman et al., 2005; Kidd et al., 1999). Similarly, the
growth cones of RP motorneurons in Drosophila are often⁎ Corresponding author. Fax: +46 31 7863801.
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doi:10.1016/j.ydbio.2007.08.037reprogrammed when coming into contact with guidepost cells as
they grow out from the CNS (Whitington et al., 2004). Such
dynamic use of various guidance pathways is likely a conserved
feature of nervous system development, even in organisms as
simple as the nematode C. elegans, where the 302 neurons have
predictable unique trajectories (White et al., 1986).
Aiming to discover novel mechanisms and genetic pathways
that explain axon guidance, we study C. elegans mutants with
abnormal pharyngeal neurons. The pharyngeal neurons in C.
elegans have at least two unusual characteristics: (1) they
innervate an organ that develops via the morphogenesis of a
primordium of undifferentiated cells and without cell divisions;
and (2) they have intricate shapes that are embedded within
folds of muscle cell membranes, which is in contrast to the
simpler trajectories of most body neurons that are sandwiched
between a basal lamina and epidermal cells (Avery and Thomas,
1997; Pilon and Mörck, 2005). In the pharyngeal metacorpus
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guidance decisions within a semi-spherical space having a
radius of only 10 μm (Albertson and Thomson, 1976). Given
the unique characteristics of the pharyngeal neurons, it seems
likely that they rely on multiple and possibly novel mechanisms
to establish their trajectories. Furthermore, most pharyngeal
neurons are non-essential for pharyngeal pumping, suggesting
that mutations affecting their trajectories should be viable
(Avery, 1993; Avery and Horvitz, 1989). For example, the M2
neuron is important for isthmus peristalsis in some species, but
seems dispensable in C. elegans (Chiang et al., 2006). With this
rationale in mind, we previously performed a screen for worms
with defects in the morphology of the pharyngeal neuron M2
and isolated the C. elegans mutant mnm-2(et2) (Mörck et al.,
2003). Here we report on the cloning, expression profiling and
function of the gene mnm-2, which encodes a protein with three
C2H2 zinc finger domains and related to the Sp1-like/Krüppel-
like Factor proteins. Specific expression of mnm-2 in the M3
pharyngeal neuron is important for its function during
pharyngeal pumping and also for its function as a guidepost
cell that reprograms the growth cone of its sister cell M2.Materials and methods
Nematode strains
Standard methods for maintaining strains and performing genetics were
employed as described (Sulston and Hodgkin, 1988). All strains were grown at
20 °C and obtained from the C. elegansGenetics Center (Minnesota, California)
unless stated otherwise. The reference wild-type strain N2 and strains with the
following mutations were studied in this work:
LGI: ceh-2(ch4), unc-40(e271), unc-73(e936).
LGII: vab-1(e2).
LGIII: eat-4(ky5).
LGIV: unc-5(e53), unc-129(ev554).
LGV: max-1(ju39), unc-51(e369), vab-8(ev411).
LGX: sax-3(ky123), slt-1(eh15), mnm-2(et2).
The following transgenes were also used:
chEx203, which carries a ceh-2∷gfp transcriptional reporter (pTRB201)
expressed in M3 and NSM pharyngeal neurons (Aspöck et al., 2003). This
was a gift from Thomas Bürglin.
etIs2, which carries a ric-19∷gfp translational reporter expressed pre-
dominantly in the M2 pharyngeal neurons (Mörck et al., 2003).
evIs79, which carries an unc-129∷gfp transcriptional reporter expressed in
the I4 neuron and pm8 muscle cell in the pharynx, as well as in DA and DB
circumferential body neurons and muscles (Colavita and Culotti, 1998). This
was a gift from Joe Culotti.
muIs32, which carries a mec-7∷gfp transcriptional reporter expressed in the
mechanosensory neurons. This was a gift from Cynthia Kenyon.
ntIs1, which carry a gcy-5∷gfp transcriptional reporter expressed in the
ASER neuron (Chang et al., 2003).
otIs3, which carry a gcy-7∷gfp transcriptional reporter expressed in the
ASEL neuron and the excretory cell (Chang et al., 2003).
rtEx234, which carries a nlp-13∷gfp transcriptional reporter expressed
predominantly in the I4, NSM and M2 pharyngeal neurons as well as other
neurons outside body (Li et al., 1999).
zdIs13, which carries a tph-1∷gfp transcriptional reporter expressed in the
NSM pharyngeal neuron and HSN extrapharyngeal neuron (Clark and Chiu,
2003). This was a gift from S. Clark.Generation of transgenic animals
Germ line transformation was conducted by standard procedures described
by Mello et al. (1991). A solution of 100 ng/μl DNA containing the plasmid
pRF4, which carries the dominant transformation marker rol-6 (su1006) (Mello
et al., 1991), along with other plasmid or cosmid DNA, was injected in the distal
gonad arms of hermaphrodites. Transgenic worms were identified and
maintained by their Rol phenotype and picking rollers to new plates. All
plasmids were purified using Qiagen miniprep kit (Qiagen) and used at
concentrations of 50 ng/μl of pRF4 plus 25 ng/μl of a test plasmid plus 25 ng/μl
of pBSKS (Stratagene) or another test plasmid. Cosmids were purified by
alkali lysis method (Sambrook and Russell, 2001) and each used at
concentration of approximately 10 ng/μl, together with 25 ng/μl of pRF4,
25 ng/μl of pRIC-19∷GFP and enough pBSKS to bring the final DNA
concentration to 100 ng/μl (four or five cosmids were sometimes pooled when
testing for rescue).
Sequencing the mnm-2 mutation
Single wild-type and mnm-2 mutant worms were lysed in SWLB buffer
containing proteinase K (50 mM KCl, 2.5 mM MgCl2, 10 mM Tris, pH
8.3, 0.45% Nonidet P-40, 0.45% Tween-20, 0.01% gelatin and 100 μg/ml
Proteinase K). Seven PCR products were amplified to cover the genomic
region corresponding to positions 12,836 to 39,300 of the cosmid C10A4
(i.e. the last 26.3 kb of the insert), subcloned and sequenced. In particular,
the mnm-2 gene was PCR amplified with the following primers: A1R: 5′-
ttctcgattgcgtgatgtagaga-3′ and A1L: 5′-gtatgcatgcatgtaccaaccgt-3′. The frag-
ments were cloned into the pCR-BluntII-TOPO vector (Invitrogen).
Plasmids containing the PCR fragments were sequenced by MWG Biotech
(Germany).
Cloning of the mnm-2 and mnm-2(et2) cDNA
Total RNAwas extracted from N2 andmnm-2(et2)mutant worms by general
Trizol based method (Chomczynski and Sacchi, 1987). The ThermoScript RT-
PCR system (Invitrogen) was used for the reverse transcriptase reaction using
Oligo (dT) primers provided with the kit. PCR reactions using Pfu-Ultra enzyme
(Stratagene) were then carried out using the following mnm-2 specific primers:
C10A4.8_cDNA1 (5′-gccatgtcagtcgaagctagtc-3′) and MNM2_D1 (5′-
ggctgcggtgttttgaggttc-3′). cDNA from two separate PCR reactions for each
genotype was amplified and subcloned into the pCR-BluntII-TOPO vector
(Invitrogen). The plasmids pTopo_N2_cDNA and pTopo_N2_cDNA_R (reverse
orientation) carry cDNA amplified from N2 worms whereas pTo-
po_mnm2_cDNA and pTopo_mnm2_cDNA_R (reverse orientation) carry that
from the mnm-2(et2) mutant. The inserts were sent for sequencing at MWG,
Germany.
Construction of plasmids
The construction and structure of plasmids pQC101 to pQC113 are
described in the Supplementary materials.
Microscopy and cell identification
Worms were mounted on 2% agarose pads, paralyzed with a drop of
levamisole (100 mM) and covered with a coverslip. The samples were then
examined with a Zeiss Axioplan compound microscope using Nomarski optics
or a FITC filter to visualize GFP. Digital images were acquired using an
attached AxioCam digital camera. Cells were identified based on their
positions and their shapes. The identification of the embryonic M2 and M3
cells, and their mother cells, relied also on the fact that GFP expression can be
traced back from unambiguously identified cells in L1 larvae or late embryos.
For example, the mother cell ABaraapapp was identified as the GFP positive
cell in the metacorpus of bean stage embryos based on its position and also the
fact that its daughter cells, M2L and M3L, continued to be GFP positive until
their unambiguous identification could be ascertained based on position and
shape.
Fig. 1. The mnm-2(et2) mutation enhances the effect of multiple guidance
pathways on M2 growth cones. (A) Diagram of the anterior end of C.elegans,
with the various regions of the pharynx and M2 neuron clearly labeled. (B, C)
Trajectories of theM2 neurons within the metacorpus in wild-type ormnm-2(et2)
mutant animals, respectively. Both animals are transgenic for the pRIC-19::GFP
reporter. Arrowheads in panel B indicate the twoM2 two arcs in the metacorpus,
and the arrow indicates where the M2 neurons meet at the midline. Note how the
M2 neurons err then terminate abruptly in the mutant (arrows in panel C).
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M2 neuron defects
M2 neurons were visualized using the pRIC-19∷GFP transgene in different
genotypic background. Both M2 neurons in each worms were scored separately
and assigned to the following categories: wild-type (both M2 cell bodies are
normally placed in the posterior bulb and both proximal and distal ends of the
M2 axons are normal); ipsilateral outgrowth (i.e. the distal ends of the M2 axons
extend anteriorly on the same side as the cell body rather than looping towards
the midline); contralateral outgrowth (the distal end of the M2 axons crosses the
midline and ends on the other side); truncated distal end (the axons of the M2
neurons end prematurely within the metacorpus); misplaced M2 cell body (the
M2 cell body is not located within posterior bulb); posterior outgrowth (the M2
axons grow posterior to cell bodies instead of growing towards metacorpus);
others (rare abnormalities not easily assigned to the existing categories).
RNAi against mnm-2
RNA interferencewas performed bymicroinjection of dsRNA corresponding
to the full-lengthmnm-2 cDNA that had been synthesized by in vitro transcription
of the pTopo_N2-cDNA and pToto_N2_cDNA_R constructs using the T7
polymerase (Promega) and according to published protocols (Fire et al., 1998).
Electropharyngeograms
An electrophysiology setup was modified essentially as described in a
published protocol to record electropharyngeograms (Avery et al., 1995). To
encourage pumping, the worms were kept in Dent's saline containing 1 μM
serotonin (Avery et al., 1995). Several dozen pharyngeal pumps were recorded
from at least ten worms for each studied genotype. The recordings were then
scored blindly by a separate investigator who assessed the presence and strength
of the M3 neuron-dependent P-phase transients.Results
mnm-2 encodes a protein with three C2H2 zinc fingers
We previously showed that the mnm-2(et2) allele causes
defects in the formation of the distal ends of the two pharyngeal
M2 neurons (Mörck et al., 2003). The cell body of these neurons
is located within the posterior bulb of the pharynx, and each
extends a proximal straight projection through the narrow
isthmus to reach the metacorpus where it migrates dorsally and
goes twice away from, then back to the midline to end in a gap
junction with its contralateral twin cell (Fig. 1A). In the mnm-2
mutant, the distal ends usually fail to turn back towards the
midline after the first or second arc, usually erring anteriorly or
terminating abruptly (Figs. 1B, C).
Using a combination of chromosomal deletions, visible
genetic markers and single nucleotide polymorphisms, we were
able to precisely map the mnm-2 locus to between positions
−1.7 to −1.8 on the X chromosome (Fig. 2). We tested 10
cosmids harboring the wild-type sequence covering that genetic
interval for their ability to rescue the M2 neuron distal end
defect. Only one cosmid, C10A4, scored positive in this assay.
Sequencing of 25 kb of genomic DNA amplified from the mnm-
2(et2)mutant identified a G-to-A mutation in the first nucleotide
of the third intron within the C10A4.8 predicted gene, thus
affecting a splice donor nucleotide (the intron now begins with at
rather than gt).We confirmed the gene structure from start to stop
codons by RT-PCR (data not shown) and found that this gene is
sufficient to rescue the mnm-2(et2) phenotype when accom-
panied by 1.5 kb or more of sequence upstream of the start ATGcodon (plasmid pQC101; Fig. 3B and Table 1). The mini-gene
construct pQC102, carrying the mnm-2 cDNA together with
1.5 kb of upstream sequence and 300 bp of downstream
sequence, was also fully competent at rescuing the mnm-2
mutant (Table 1). Expression of an mnm-2 gene carrying an out-
of-frame mutation upstream of the zinc fingers (plasmid
pQC103) did not rescue the mnm-2(et2) M2 phenotype (0/3
transgenic lines showed rescue). RT-PCR was also used to show
that the third intron is not spliced out in the mnm-2(et2) mutant,
which results in the in-frame replacement of an asparagine by 17
amino acids (see Fig. 2E). Altogether, these results allow us to
conclude that C10A4.8 corresponds to mnm-2.
Note that at present there are no other useful alleles of mnm-2
available and that the tm484 deletion allele produced by the
National Bioresource Project for the Experimental Animal
“NematodeC. elegans” in Japan actually harbors a tightly linked,
fully functional duplication of the mnm-2 gene (data not shown).
RNAi against mnm-2 was able to induce the M2 distal end
defect typical of the mnm-2 mutant (Fig. 3B; 4 of 9 worms
microinjected with dsRNA produced the M2 distal end defect in
a majority of their F1 progeny). No other phenotypes were
observed in response to RNAi, which further strengthens our
earlier conclusion that the functions of the mnm-2 gene are
likely specific to a few cells and shows that the mnm-2(et2)
allele is not a neomorphic allele, but instead is a true loss of
function mutation affecting native functions of mnm-2. Control
experiments using RNAi against gon-1 or ric-19 had no effect
on the M2 neurons (data not shown).
mnm-2 encodes a protein with three C2H2 Zinc fingers and
shares sequence consensus motifs similar to the Sp1-like/KLF
and the EGR proteins (Figs. 2D–F). In particular, the MNM-2
protein is related to the Sp1-like/KLF zinc finger protein family
because (Kaczynski et al., 2003; Suske et al., 2005): (1) it has 3
zinc fingers at the very C-terminus of the protein; (2) each finger
Fig. 2. Cloning and structure of the mnm-2 gene and its encoded protein. (A) A portion of the X chromosome the positions of the markers used to fine-map mnm-2
(et2). Open circles denote the following single nucleotide polymorphisms between the N2 and CB4856, from left to right: pkP6151, pkP6108, pkP6007,pkP6153,
pkP6153, pkP6154, pkP6155, pkP6156, pkP6129 and pkP6023. The deletions mcDf2 and uDf1 (which did not complement mnm-2(et2)) are also shown. (B) Cosmids
that were tested for their ability to rescue the mnm-2(et2) mutant. Only C10A4 scored positive in the rescue assay in 4 out of 5 transgenic lines tested. (C) Structure of
the C10A4 cosmid. The corresponding DNA region was isolated from mnm-2(et2) genomic DNA, and sequencing identified a point mutation in the mnm-2 gene
(previously known as the C10A4.8 predicted gene). (D) Structure of the mnm-2 gene, including the position of the et2 point mutation, the zinc finger domains and the
glutamate-rich region. (E) Sequence of the MNM-2 protein, with the glutamate-rich region in blue, and the cysteines and histidines that form the zinc fingers in red. A
red arrowhead indicates the asparagine residue that is replaced in the mnm-2(et2) allele by the following amino acids:SINSDKLQVAMLYIISD. (F) Shows an
alignment of the MNM-2 sequence with the consensus sequences of the SP/KLF and EGR protein families. Bold capital letters indicate residues that are 100%
conserved between all family members. Capital letters indicate >90% conservation, lowercase letters >75% conservation. Blue barsindicate the cysteine and histidine
residues involved in zinc coordination, and yellow boxes indicate residues thought to contact DNA. The EGR consensus was obtained from the human and mouse
EGR1–4, and the X. laevis andD. rinio EGR1–2. Asterisks indicate positions where the MNM-2 sequence matches the consensus. The MNM-2 sequence matched the
SP/KLF consensus in 28/45 positions (62%), and the EGR consensus in 34/74 positions (46%).
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(3) it has the conserved 7 amino acids interfinger space sequence
TGE(R/K)(P/k/r)(F/y)X; (4) although the N-terminal region of
these proteins is highly variable, some, like KLF1, KLF2 and
KLF4, have an acidic stretch in the N-terminal region. MNM-2
also has an acidic stretch within its N-domain (E-rich region in
Fig. 2E). However, MNM-2 does not have the Sp box(PSPLALLAATCSKIG) found in the Sp1-like Zn finger
proteins, nor the Q-rich regions found in many Sp1-subgroup
proteins or the BTD box CXCPXC found just N-terminal to the
zinc fingers in Sp1-like factors. ThusMNM-2 is to be considered
more as a KLF than an Sp1-like protein.
While it is clear that MNM-2 is related to the Sp1-like/KLF
factors, it diverges from some of the established criteria. In all
Table 1
Scoring of the M2 neurons in various transgenic strains
Genotype Line wt Ipsilateral
outgrowth
Truncated
distal end
Other
mnm-2 35 43 21 2
mnm-2; Ex(pQC101)
(wt gene)
A 82 4 6 8
B 83 6 2 9
C 72 9 8 11
mnm-2; Ex(pQC102)
(mnm-2 minigene)
A 78 11.5 4 6.5
B 75 16 7 2
C 72 15 4 9
mnm-2; Ex(pQC103)
(out-of-frame mnm-2)
A 37 42 21 0
B 31 44 23 2
mnm-2; Ex(pQC104)
(mnm-2(et2) allele)
A 86 6 4 4
B 88 7 3 2
mnm-2; Ex(pQC107)
(mnm-2∷GFP)
A 72 9 16 2
mnm-2; Ex(pQC109)
(ceh-2P∷MNM-2)
A 76 18 6 0
B 57 22 17 3
C 70 16 14 0
D 66 21 13 0
mnm-2; Ex(pQC110)
(ceh-2P∷MNM2∷GFP)
A 67 19 14 1
B 76 13 10 1
mnm-2; Ex(pQC111)
(ceh-2P:MNM-2cDNA∷GFP)
A 60 26 14 0
B 60 26 14 0
C 54 30 15 1
mnm-2; Ex(pQC112)
(tph-1P∷MNM-2)
A 32 40 19 9
B 42 41 14 4
Ex(pQC113)
(ceh-2∷egl-1)
A 26 39 35 0
B 50 27 23 0
C 18 43 37 2
Besides the indicated test plasmid, the extrachromosomal arrays also carried
pRF4 and pRIC19∷GFP so as to identify the transgenic worms by their Rol
phenotype and to visualize the M2 neurons, respectively. A short descriptor is
provided in parenthesis under each construct. The percentage of M2 neurons
falling in each category is given; at least 100 M2 neurons were scored for each
line.
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amino acids long, and the third is 21 amino acids long. In
MNM-2, all three fingers are 21 aa long. MNM-2 also differs
from the Sp1-like/KLF consensus in other conserved positions
(see Fig. 2F). In C. elegans, there are only five true members of
the Sp1-like/KLF family that fulfill all the homology criteria:
F53F8.1, KLF-1, MUA-1, T22C8.5 and Y40B1A.4.
The EGR proteins also constitute a family of proteins
with three zinc finger domains at their C-terminal ends
(Iuchi, 2001; O'Donovan et al., 1999). They bear several
sequence similarities with the Sp1-like/KLF family, and
MNM-2 appears to be similarly related to both families (Fig.
2F and Supplementary Fig. 1). We therefore take the view
that MNM-2 is related to both the Sp1-like/KLF and EGR
families.mnm-2(et2) is a hypomorph
Themnm-2(et2) allele is probably a loss of function mutation
because animals bearing that mutation over the uDf1 chromo-
somal deletion covering the mnm-2 gene (see Fig. 2A) show the
same phenotype as mnm-2(et2) homozygous worms in 40% of
their M2 neurons (n=45 M2 neurons scored) and because
RNAi against mnm-2 replicates the mnm-2(et2) phenotype (see
above). However, because the mutation found in the mnm-2
(et2) allele results only in a 17 amino acid insertion upstream
from the zinc fingers, it is possible that it does not constitute a
null allele. Indeed, we found that extrachromosomal arrays
carrying the plasmid pQC104 that bears the mnm-2(et2) allele
were able to rescue the M2 neuron distal end phenotype (3/3
transgenic lines showed 75% or more wild-type M2 trajec-
tories). This result strongly suggests that the mnm-2(et2) allele
is a hypomorph of the gene and that full function can be restored
by over-expressing the mutant allele, for example from the
multiple copies found on the extrachromosomal arrays of
transgenic animals.
Post-embryonic expression profiling of mnm-2
Our analysis of the regulatory regions and expression
profile of mnm-2 focused on the 5′ region of the gene because
the mini-gene construct pQC102, which lacks introns, was
able to rescue the mnm-2(et2) mutant phenotype (see above).
pQC105 and pQC106 are plasmids in which 1.5 or 3.0 kb of
the mnm-2 promoter region and first 8 codons was inserted in-
frame upstream of the GFP (Green Fluorescent Protein) gene
fused to a nuclear localization signal at the beginning of its
coding region. In larvae and adults, pQC105 reveals mnm-2
promoter activity in the M3 cells of the pharynx, extraphar-
yngeal neurons in the head, including URX, and the PQR tail
neurons (Fig. 4). pQC106, with the 3.0 kb promoter, showed
expression in the same cells as pQC105 and also in rectal cells,
vulva cells, the spermatheca-uterine valve and in body wall
muscle cells and neurons of the ventral nerve cord (Fig. 4).
This indicates that expression in these cells depends on
sequences in the −1.5 to −3.0 kb range upstream of the start
ATG of mnm-2. Note that the first −1.5 kb of upstream
sequence provides sufficient mnm-2 regulation to fulfill its M2
guidance functions since the rescuing pQC101 plasmid
contained only this much regulatory sequence together with
the wild-type gene.
To examine the localization of the MNM-2 protein itself,
we constructed a full-length mnm-2 translational reporter,
pQC107, in which 1.5 kb of the mnm-2 promoter together
with the full mnm-2 gene was fused in-frame with the GFP
gene. These constructs had an expression profile wider than that
of the promoter reporter: expression in the M3 (and occasionally
also in one other pharyngeal cell that is inconclusively identified
but is likely either MI or I3 given the location of its cell body
within the dorsal sector of the metacorpus), URX, PQR and
head neurons, as well as rectal cells, vulva and the spermatheca-
uterine valve (Figs. 4B–F). pQC107 also caused GFP to be
concentrated in the nuclei of the positive cells, suggesting that
Fig. 3. Plasmid structures, example of rescue, and effects of RNAi against mnm- 2. (A) Structures of the plasmids bearing mnm-2 sequences used in the present study.
(B) M2 axon distal end defects in the mnm-2(et2)mutant, the mutant rescued by an extrachromosomal array containing the pQC101 plasmid, and the effects of RNAi
against mnm-2. The diagram below each image depicts the corresponding M2 axons (green).
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pQC107was also able to rescue the M2 neuron phenotype when
introduced into mnm-2(et2) worms (3/3 lines).
To test the possible impact of the mnm-2(et2) mutation on
MNM-2 localization, we constructed pQC108, which carries
the mnm-2(et2) allele fused to GFP. Animals transgenic for
pQC108 showed GFP expression in the same cells as for the
wild-type gene and with the same nuclear localization (data not
shown). We conclude that the 17 amino acid insertion upstreamof the zinc fingers in the MNM-2 protein does not disrupt its
nuclear localization in the mnm-2(et2) allele.
Embryonic mnm-2 expression and its misexpression in the M3
cells of mutants
Expression of the mnm-2 reporters in embryos is generally
consistent with the post-embryonic expression profile, includ-
ing expression in pharyngeal cells, extrapharyngeal head
Fig. 4. Expression of mnm-2 reporters in adult worms. (A) Adult worms transgenic for the promoter reporters pQC105 and pQC106. Many GFP-positive cells are
identified by arrows. (B–F) Transgenic L3 larvae expressing the translational reporter pQC107. Note that expression is localized to nuclei. (B) Head region. The M3
neurons (arrow) and one extrapharyngeal neuron (arrowhead) are indicated. Occasionally (b50% of animals), a third pharyngeal cell is GFP-positive; this cell has not
been conclusively identified but is likely either MI or I3 given the location of its nucleus in the dorsal sector within the metacorpus (arrowhead). No expression is seen
in M2 neurons at these stages. (C, D) A rectal cell is indicated by the arrowhead. (E, F) Vulva cells uv1 and/or uv2 (arrow) and the spermatheca-uterine valve
(arrowhead) express MNM-2::GFP.
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upstream sequence had a wider expression distribution than the
construct with 1.5 kb, including expression in the body muscle
cells during the late embryonic stages (Fig. 5).
An interesting observation was made when examining mnm-
2 reporter expression within the pharyngeal primordium (Fig.
5). The cells ABaraapapp and ABaraapppp are the mother cells
of the left and right M3 and M2 neurons, respectively. In wild-
type, mnm-2 reporters show GFP expression in these mother
cells at the embryonic bean stage, and subsequently in the M2
and M3 cells as they are born. Later expression is sustained only
in the two M3 cells, and up to at least 5-day-old adults. In
contrast, GFP expression gradually declines in the M2 cellbeginning from the time of its birth and is completely
undetectable by the time of hatching (Fig. 5). Similar results
were obtained with the translational reporter pQC107, except
that the signal was uniformly weaker (Supplementary Fig. 2).
This shows that mnm-2 is differentially regulated in the sister
cells M2 and M3: the mnm-2 gene is probably switched off
within the M2 cell as soon as it is born.
When the same reporters (pQC105or pQC106) are introduced
in the mnm-2(et2) mutant background, expression is gradually
lost in both theM2 andM3 cells. In particular, noGFP expression
is detectable in the M3 cell of 1-day-old mutant adults, although
the shape and position of that cell appeared normal in embryos
and larvae (Fig. 6 and Table 2). Expression of the mnm-2
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cells appeared to have normal morphologies (Supplementary
Fig. 3). These results indicate that the mnm-2(et2) allele impairs
the ability of mnm-2 to sustain its own long-term expression in
the M3 cell and suggest the possibility that a M3 defect may be
responsible for the abnormal trajectory of the M2 axon. It is
also likely that many other genes besides mnm-2 are mis-
regulated in the M3 cell of the mnm-2(et2) mutant.
TheM3 neuron controls pharyngeal muscle relaxation timing
in C. elegans (Avery, 1993), and its functional differentiation
requires the homeobox gene ceh-2 and the glutamate receptor
gene eat-4 (Aspöck et al., 2003; Lee et al., 1999). We found
that, just as was the case for the mnm-2(et2) mutant, ceh-2 null
mutant worms are unable to sustain expression of the mnm-2
promoter reporters specifically in the M3 cell, although early
embryonic expression was largely unaffected (Table 2 and data
not shown). Conversely, a ceh-2 reporter was normally ex-
pressed in the mnm-2(et2)mutant background (data not shown).
In eat-4 mutants, expression of the mnm-2 reporter was normal
within the M3 cells (Table 2). These results tentatively place
mnm-2 downstream of ceh-2 and possibly upstream or parallel
to eat-4 in the M3 cell differentiation program.
Note that the ceh-2 null mutant exhibits only minor defects
in M2 guidance and that the ceh-2 mutation did not enhance the
effects of mnm-2(et2) on the M2 neuron (Table 2). The reduced
expression of the wild-type MNM-2 protein in the ceh-2 mutant
is therefore of little consequence for M2 guidance, in contrast to
the reduced expression of the hypomorphic protein in the mnm-
2(et2) mutant.Fig. 5. Expression of mnm-2 reporters in embryos. Embryos transgenic for pQC105 (
embryo, (B) bean, (C) comma, (D–F) early to late 2-fold, and (G, H) early an
Extrapharyngeal cells are indicated by asterisks in panels A and B, and the mother ce
panel B are extrapharyngeal, some being located below or above the pharyngeal prim
are indicated. Unlabelled cells in panel H are extrapharyngeal cells. Note that express
progresses, and is absent in these cells by the late 3-fold stage.The M3 cell is functionally impaired in the mnm-2 mutant
We were interested to functionally test the M3 cell in the
mnm-2(et2) mutant. It is possible to monitor electrical activity
related to pharyngeal pumping to produce electropharyngeo-
grams (EPGs), of which the profile is reproducible and includes
peaks that are dependent on functional M3 cells (Avery et al.,
1995; Raizen and Avery, 1994) and which are therefore absent
in mutants such as eat-4 and ceh-2 (Aspock and Burglin, 2001;
Lee et al., 1999). A striking result was obtained when EPG
recordings are made on mnm-2 worms: the M3-dependent
peaks were either dramatically reduced in number and intensity
or else completely absent (Fig. 6 and Table 3). Within the
metacorpus, the ceh-2 promoter is specifically expressed in the
cells M3, NSM and I3, but not M2 (Aspöck et al., 2003). To test
the hypothesis that functional differentiation of M3 depends on
mnm-2, we constructed a plasmid in which the mnm-2 gene was
expressed from the ceh-2 promoter, hence supporting mnm-2
expression in M3 but not M2. This construct, pQC109, was able
to functionally rescue the M3 cell, resulting in normal EPGs.
This result suggests that mnm-2 acts cell autonomously within
the M3 cell.
The M2 growth cone forms during the 1.5 to 2-fold stages
We wished to explore the possibility that M3-specific defects
in the mnm-2(et2) mutant could explain the M2 distal end
defects of that mutant. To determine if the M2 growth cone
appears or passes close to the location of the M3 cell we used anA) or pQC106 (B–H) and at the following developmental stages: (A) ~200 min
d late 3-fold. Dotted line delineates the developing pharyngeal primordium.
ll to M2 and M3 is indicated by an arrow in panel B. Most GFP-positive cells in
ordium. In panels C–H, the M3 cells (arrowheads) and M2 cells (open triangles)
ion of the mnm-2 transcriptional reporter declines in the M2 cells as development
Fig. 6. M3 neuron defects in the mnm-2(et2) mutant. (A, B) Expression of the mnm- 2 promoter reporter (pQC105) in one-day old adults. Arrowheads indicate M3
cells, and extrapharyngeal cells are unlabelled. Note that the mnm-2 shows no GFP positive M3 cells, even in the slightly overexposed image (B). (C–H)
Electropharyngeograms for worms of the indicated genotypes. The M3-dependent peaks are indicated by arrows in panel C. Two examples of mnm-2 mutant animals
are shown: one with no M3-dependent peaks (F), and one with very weak M3-dependent peaks (G). Numerical data is presented in Tables 4 and 5.
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neurons to visualize the M2 axons in wild-type embryos (Fig.
7). This reporter has the merit that expression in M2 begins
early, allowing visualization of the axons as they develop. When
the pharyngeal primordium elongates to form the isthmus, i.e.
during the 1- to 1.5-fold stages, we saw that the M2 axon
projects through the isthmus and terminates in a narrow end
devoid of growth cones (Figs. 7A–C). It is only later, from the
1.5- to 2-fold stage, that a growth cone is reproducibly visible at
the distal end of the M2 neuron (Figs. 7D–F), where it isTable 2
Developmental expression of the mnm-2 transcriptional reporter pQC105 in the
M3 cells from different genotypes
Genotype L1 L4 Adult
N2 97 93 92
mnm-2(et2) 85 58 7
ceh-2 53 14 12
eat-4 90 84 80
The results of one representative line for each construct are presented; at least 2
strains per construct were scored with similar results. At least 50 transgenic
animals were scored for each data point.necessary to establish the two M2 axon arc trajectories within
the metacorpus, a process completed by the 3-fold stage (Mörck
et al., 2003). The M2 growth cone therefore forms at a site
consistent with it receiving a cue from the sister cell M3, i.e.
within the metacorpus. This is in agreement with electron
microscopy reconstructions of the pharynx which show that the
M2 axons pass in close proximity to the M3 cell (Albertson and
Thomson, 1976). In mnm-2(et2) mutant embryos, the M2
growth cones do form at their normal positions, but usually stall
or err ipsilaterally to produce abnormal trajectories and thick
growth cone remnants characteristic of the mnm-2 phenotype,
as in Figs. 1C and 3B. It is therefore conceivable that in mnm-2
(et2) the M3 cell fails to deliver a signal to the M2 growth cone
within the metacorpus.
M3 requires mnm-2 to provide a guidance signal to its sister
cell M2
To test whether the cell M3 depends on mnm-2 to provide an
instructive signal to the growth cone of M2, we again used the
pQC109 construct to express the mnm-2 gene from the ceh-2
promoter, which supports expression in M3 but not M2. mnm-2
Table 3
Result of electropharyngeogram profiling in five genotypes
Genotype Normal
M3 peaks
Very-weak
M3 peaks
No
M3 peaks
n
N2 13 (93%) 1 (7%) 0 14
ceh-2 0 8 (80%) 2 (20%) 10
eat-4 0 0 10 (100%) 10
mnm-2 0 11 (73%) 4 (27%) 15
mnm-2; Ex(ceh-2∷mnm-2) 9 (75%) 3 (25%) 0 12
Electropharyngeograms were recorded then scored blindly by a separate
investigator. For each genotype, the number of individuals falling into each
category is given.
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distal end defects (Table 1), which is consistent with a role for
mnm-2 within the M3 cell to guide the M2 growth cone. Two
other constructs bearing the mnm-2 gene (pQC110) or cDNA
(pQC111) fused to the gfp gene and expressed from the ceh-2
promoter were also able to rescue the mutant (Table 1) and to
show specific expression in the M3 and NSM cells (Fig. 8C).
Note that the weaker rescue efficiency of these constructs may
reflect non-optimal regulation by the ceh-2 promoter or, for
pQC111, may also in part be due to the well-established
influence of introns in facilitating transgene expression (Fire et
al., 1990). Because the ceh-2 promoter supports expression not
only in M3 but also in the NSM and I3 cells of the metacorpus,Fig. 7. The M2 growth cone in wild-type and mnm-2(et2) mutant. (A–F) The nlp-
visualize the M2 axon during early development. At the early comma stage, no growt
cone is evident (D–F). The M2 trajectory is completed by the mid 3-fold stage (Mör
focus, and the asterisks indicate the cell body of another pharyngeal cell, possibly Iwe performed a control experiment using the plasmid pQC112
to achieve specific expression of mnm-2 in the NSM cells using
the tph-1 promoter (Sze et al., 2000): this did not rescue the
mnm-2 phenotype (Table 1), which again supports the
conclusion that expression of mnm-2 in the M3 cell is
specifically required.
Killing of M3 phenocopies the mnm-2(et2) mutations
We reasoned that if the M2 guidance function of mnm-2
resides within the cell M3, then killing M3 could phenocopy the
M2 defects of the mnm-2 mutant. We tested this directly by
placing the pro-apoptotic gene egl-1 (Conradt and Horvitz,
1998) under the control of the ceh-2 promoter, which should
result in M3 (and NSM and I3) cell death (Fig. 8). Death of
these cells was confirmed in worms carrying both the ceh-
2∷egl-1(pQC113) and ceh-2∷gfp(pTRB201) constructs: no
GFP-positive cells were observed in the metacorpus of these
animals which instead contained several cell corpses. Most
transgenic worms carrying this M3 pro-apoptotic construct
exhibited M2 distal end defects similar to those of the mnm-2
(et2) mutant (Figs. 8F, G and Table 1). Note that since the M2
cells actually survived in these experiments, it is clear that the
ceh-2 promoter utilized is not expressed in these cells or in
the mother cell to M2 and M3, but that its expression begins in
M3 only after it is born. The result that killing M3 phenocopies13::GFP reporter carried on the extrachromosomal array rtEx234 was used to
h cone is visible at the end of the axon (A–C). By the mid 2-fold stage, a growth
ck et al., 2003). Arrowheads indicate the distal ends of the M2 axons that are in
4, which also expresses the nlp-13::gfp reporter.
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end defect of the mnm-2 mutant results from a defect in the M3
cell.
The mnm-2(et2) mutation enhances the effect of multiple
guidance pathways on M2 growth cones
If mnm-2 indeed has its function in the M3 cell rather than in
the M2 cell that exhibits the axon guidance defect, we predict
that themnm-2(et2)mutation should enhance the effects of other
mutations that have their function in the M2 growth cone.
Fortunately, the penetrance of the M2 distal end defect in the
mnm-2(et2) mutant is incomplete, which provides an opportu-
nity to test for genetic interactions with other genes. We found
that the mnm-2(et2) allele strongly enhanced the M2 distal end
defects of a number of mutations in genes important for axon
guidance (Tables 4 and 5). In particular, mnm-2(et2) enhanced
the M2 neuron defects of mutants in proteins important for
growth cone cytoskeleton or membrane dynamics (unc-51, unc-
73), the netrin pathway (unc-5, unc-40,max-1) and the unc-129/
TGFβ pathway (Table 5). Note that not all genetic interactions
tested involved a null mutant (see Table 4) and that mnm-2(et2)
itself is a hypomorphic mutation. Nonetheless, the variety and
consistency of the genetic interactions suggest that mnm-2
affects an aspect of the M2 guidance process that complements
the growth cone or guidance functions tested. No specificFig. 8. Induction of apoptosis in the M3 cell phenocopies the mnm-2 mutation. (A)
Pedigree of the M3L and M2L sister cells; illustrates the death of the M3 cells in a
control of the ceh-2 promoter. (C) Specificity of the ceh-2 promoter for the NSM and
2::gfp fusion driven by the ceh-2 promoter; I3 also occasionally scores positive for GF
transgenic embryo carrying the pQC113 plasmid, respectively. Note the presence of
M2 axon distal end defects of animals in which apoptosis of the M3 (and NSM an
abnormal endings of the M2 neurons.genetic interactions regarding the M2 distal ends were seen
between mnm-2 and sax-3, slit-1, vab-1 or vab-8.
Intrigued by the ability of the mnm-2(et2) allele to enhance a
variety of axon guidance mutations, we examined other axon
trajectories as well as the intricate morphology of the male tail
in the mutant (Supplementary Fig. 4). We found that the mnm-
2(et2) mutant has no defect in the pharyngeal neurons NSM
or I4, in the circumferential neurons of the body or in any of
the six mechanosensory neurons. Furthermore, the correct
left–right asymmetry and morphology of the amphid neurons
ASER (expresses gcy-5) and ASEL (expressed gcy-7) are
established in the mutant, and the male tail also develops
normally with the correct complement of sensory rays. We
conclude that the effects of the mnm-2(et2) mutation are
likely specific to a few cells rather than affecting neurons or
morphogenesis generally. Consistently, the mnm-2(et2) mutant
moves and grows in a way that is indistinguishable from
wild-type.
Discussion
Sp1-like/KLF proteins may have an evolutionary conserved
role in sister cell differentiation
We showed here that mnm-2 encodes a protein related to the
Sp1-like/KLF and EGR proteins containing 3 C2H2 zinc fingerGenetic pathway by which apoptosis is activated in cells expressing egl-1. (B)
nimals transgenic for the pQC113 plasmid that carries the egl-1 gene under the
M3 cells in animals transgenic for the pQC110 plasmids, which carries a mnm-
P in such transgenic animals, but never M2. (D and E) Awild-type embryo and a
cell corpses in the metacorpus of the transgenic animal (arrowheads). (F and G)
d I3) cells has been induced by the pQC113 construct; arrowheads point to the
Table 4
List of the genes tested in genetic interactions
Gene (allele) Allele type Function summary References
ceh-2(ch4) Null allele Homeobox transcription factor expressed in the M3 cell and essential for proper
pharyngeal pumping.
(Aspöck et al., 2003)
eat-4(ky5) Likely null Vesicular glutamate transporter expressed in the M3 cell and essential for proper
pharyngeal pumping.
(Lee et al., 1999)
max-1(ju39) Null allele Adaptor protein important for the growth cone repellent effect of netrins (Huang et al., 2002)
mnm-2(et2) Hypomorph Krüppel-like zinc finger protein Present work
sax-3(ky123) Null allele Slit receptor, multiple guidance roles, prevents midline crossing axons (Zallen et al., 1998)
slit-1(eh5) Null allele Ligand for sax-3, multiple guidance roles, prevents midline crossing by axons (Hao et al., 2001)
unc-5(e53) Null allele Co-receptor for repellent effects of UNC-6/netrin during circumferential guidance (Leung-Hagesteijn et al., 1992)
unc-40(e271) Null allele UNC-6/netrin receptor, important for circumferential guidance (Chan et al., 1996)
unc-51(e369) Dominant negative Serine/threonine-protein kinase important for growth cone function (Ogura et al., 1994)
unc-73(e936) Null allele Guanine nucleotide exchange factor (GNEF) regulates cytoskeleton dynamics
in growth cones
(Steven et al., 1998)
unc-129(ev554) Null allele TGFβ homolog important for circumferential guidance (Colavita et al., 1998)
vab-1(e2) Hypomorph EPH receptor important for neuroblast migration and epidermal morphogenesis (George et al., 1998)
vab-8(ev411) Hypomorph Kinesin-like protein important for posterior axon guidance (Wightman et al., 1997;
Wolf et al., 1998)
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informative mutant allele of mnm-2 that is currently available.
This mutant reveals a function for mnm-2 within the M3 cell in
guiding the formation of the growth cone-dependent distal end
of the pharyngeal neuron M2, which is the sister cell of M3.Table 5
The mnm-2(et2) mutation enhances the effect of other mutations in guidance
pathways
Genotype wt Ipsil Trunc Contra Body Other n
N2 100 245
mnm-2 35 43 21 2 299
unc-5 83.7 6 10 0.3 312
unc-5; mnm-2 1.5 79.5 18 1 328
unc-40 81.8 12 6 0.2 451
unc-40; mnm-2 2 74.7 23 0.3 340
unc-73 42 13 45 200
unc-73; mnm-2 3 28 68 1 315
max-1 99.4 0.5 164
max-1; mnm-2 4 43 53 263
unc-129 91 4 4 1 202
unc-129; mnm-2 8 67 21 1 3 240
unc-51 75 12 5 8 210
unc-51; mnm-2 12 57 29 2 228
sax-3 82 5 1.5 9.5 2 261
sax-3; mnm-2 34 37 12 5 12 258
vab-1 93 7 220
vab-1; mnm-2 37 38 25 224
vab-8 99.5 0.5 179
vab-8; mnm-2 37 45 17 0.5 0.5 209
slt-1 88 12 138
slt-1; mnm-2 46 34 14 3 3 186
ceh-2 89 1 10 244
ceh-2; mnm-2 49 34 5 2 8 232
M2 neurons were classified into the following categories: wt (normal), Ipsil
(ipsilateral outgrowth), Trunc (truncated distal end), Contra (contralateral
outgrowth), Body (M2 cell body mispositioned into the metacorpus), Other
(may include posterior outgrowth or extra projections from the M2 cell body; for
mutants carrying slt-1 and ceh-2, “Other” refers to M2 neurons that wandered
anteriorly beyond their normal position but succeeded in establishing
connections with each other at the midline). The table is ordered after the
severity of double mutants.Transcription regulators belonging to the Sp1-like/KLF and
EGR families play a variety of important developmental roles.
Most, if not all, Sp1-like/KLF proteins are involved in
growth-regulatory or developmental processes, including
regulation of neurite outgrowth (Black et al., 2001; Kaczynski
et al., 2003). The EGR family of transcription factors is
emerging as a group of proteins that orchestrate the changes
in gene expression that underlie neuronal plasticity in
mammals (O'Donovan et al., 1999). By analogy with these
other proteins, it seems likely that mnm-2 can act as a
regulator of differentiation and/or proliferation in C. elegans.
It may, for example, orchestrate the gene expression profile
that specifies properties of the M3 cell, a function that is
impaired in the mnm-2(et2) allele that contains a 17 amino
acid insertion which possibly interferes with protein–protein
interactions.
The sustained expression of the MNM-2 protein in M3 but
not its sister cell M2 appears to reflect an evolutionarily
conserved function for Sp1-like/KLF proteins. In Drosophila,
the Krüppel gene encodes one of the transcription factors that
are sequentially expressed in neuroblasts to specify the identity
of their neuronal progeny (Isshiki et al., 2001). Expression of
Krüppel persists only in the neuronal daughter cell once the
neuroblast has divided, just as expression of MNM-2 persists
only in the neuron M3 once the mother cell for M2 and M3 has
divided. Krüppel also acts as a developmental switch gene that
mediates Notch signaling-dependent tip cell differentiation in
the excretory organs of Drosophila (Hoch et al., 1994; Hoch
and Jackle, 1998). The sustained expression of Krüppel in one
of two otherwise equivalent daughters of the tip mother cell
causes neural tip cell differentiation; the other cell discontinues
Krüppel expression and becomes part of the tubule epithelium.
A function for Sp1-like/KLF factors in specifying the distinct
identities of sister cells in neuronal lineages is therefore
conserved between C. elegans and Drosophila, and analogous
roles for these proteins may exist in vertebrates where they also
regulate neuronal differentiation (Lamar et al., 2001; Laub et al.,
2001).
Fig. 9. Model for the development of the M2 axon. We hypothesize that elongation of the pm5 cells separates the cell bodies of the sister cells M2 and M3. However,
M2 remains attached to M3, such that their separation causes lengthening of the M2 axon proximal trajectory through the isthmus (A, B). Later, the distal end of the M2
cell forms a growth cone that requires a signal from M3 to be specified correctly. M3 depends on its expression of mnm-2 to produce this signal (C). The M2 growth
cone then interprets local cues and establishes the two arcs of the distal end (D), and meets its contralateral cellular homolog at the midline where they become
connected by a gap junction.
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We have previously used a genetic analysis to show that only
the distal end of the M2 neuron located within the metacorpus is
dependent on growth cones for establishing its correct trajectory
(Mörck et al., 2003). We hypothesized that a persistent
attachment between the M2 cell and its sister cell M3 may be
sufficient to drive the elongation of the M2 axon through the
isthmus as these two cells are separated during isthmus
formation, itself a result of the elongation of the pm5 muscle
cells that form the isthmus (Mörck et al., 2006, 2004). We can
now refine our M2 axon guidance model to include a second
role for the M3 cell, namely that it induces timely changes in the
properties of the newly formed M2 growth cone that render it
competent to interpret local cues (Fig. 9). Because the mnm-2
(et2) allele causes the premature loss of mnm-2 expression in
the M3 cell, and most likely also affects other genes, including
genes important for the functional differentiation of M3, we
propose that this second function of M3 is mnm-2-dependent.
This model is consistent with our previous genetic analysis of
M2 guidance (Mörck et al., 2003), and with the M3-specific
defects and functions described here, as well as with the
position of the M2 growth cone and the published observation
that the M2 axon contacts the M3 cell within the metacorpus
(Albertson and Thomson, 1976). Given that the twenty
pharyngeal neurons each develop very specific distinct
trajectories within the confined time and space of the
developing pharynx, it is not surprising that refinement in the
guidance processes depends on instructive cell–cell contacts.
Growth cone reprogramming is well documented for many
neurons. For example it occurs when Drosophila commissural
neurons cross the midline: these growth cones begin expressing
ROBO on their surface only after contacting COMM-expres-
sing cells (Keleman et al., 2005; Kidd et al., 1999). C. elegans
growth cones are also reprogrammed for example when the
hermaphrodite specific neuron HSNL encounters guidepost
cells in the vulval epithelium, a process that requires the guide-
post protein SYG-2 and its receptor SYG-1 (Shen et al., 2004).What is unusual about the M3 reprogramming of the M2 growth
cone is that M3 functions as a time-delayed guidepost cell. M2
and M3 are sister cells that contact each other throughout
development: only when M3 differentiates in a manner
dependent on mnm-2 does it provide a reprogramming signal
to the M2 growth cone. The merits of this process are that it
allows the timely redirecting of the M2 growth cone within the
narrow confines of the metacorpus and presumably coordinates
this process with that of the other nineteen neurons that also
establish intricate trajectories in the neighboring space.
A limitation of the present work is that it focuses on a
hypomorph of mnm-2, namely the mnm-2(et2) allele: although
RNAi against mnm-2 caused only the same M2 axon defect
typical of our mnm-2(et2) allele, we do not know what the null
phenotype would be. Also, in the experiments in which
apoptosis was induced by expressing egl-1 in the M3 cell, we
observed that the defects in the distal ends of the M2 neurons
occurred in some transgenic strains at a frequency higher than in
the mnm-2(et2) mutant. This suggests that the hypomorphic
mnm-2(et2) allele does not result in a complete loss of guidance
activity by M3 or that M3 has other guidance functions that are
not dependent on mnm-2. Availability of a null allele of mnm-2
could help resolve this issue. Finally, the expression of the
mnm-2 reporters in vulva and body muscles, and extraphar-
yngeal neurons, including the URX interneurons, and other
cells suggest that mnm-2 may play many other functions
besides the M2 neuron guidance role revealed by the mnm-2
(et2) allele.
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